The rotational spectrum of the symmetric top trimethyl tin chloride (CH 3 ) 3 SnCl has been studied using a pulsed molecular beam Fourier transform microwave spectrometer in the frequency range from 3 to 24 GHz. The spectrum is exceedingly complicated by the internal rotation motions of the three equivalent methyl tops, the high number of Sn-and Cl-isotopes and the quadrupole hyperfine structure of the chlorine nucleus. In this paper, we present the microwave spectrum, ab initio calculations, permutation inversion (PI) group-theoretical considerations, Stark-effect measurements and finally the K = 0 assignments and fits of the different torsion-rotation species. Based on the Stark-effect measurements, the dipole moment is l = 3.4980(30) D. Due to DK ¼ AE1-mixing effects we observe linear Stark-effect behavior and additional quadrupole splitting for some K ¼ 0 torsion-rotation transitions in (CH 3 ) 3 SnCl, which can be group-theoretically explained. The symmetric rotor fit of A 1 and A 2 torsion-rotation states leads to an effective B-constant of 1680.040124(92) MHz for the main isotopologue (CH 3 ) 3 120 Sn 35 Cl. A global fit of 182 K ¼ 0 torsion-rotation transitions yields a V 3 torsional barrier of 1.774(6) kJ.
Introduction
The molecules of the type (CH 3 ) 3 XY considered here are symmetric tops with C 3v symmetry in their equilibrium geometry. The rotational spectra of such molecules are especially interesting since they can show splittings arising from three chemically equivalent methyl tops, or, from a group-theoretical point of view, splittings from three C 3v -equivalent, individually C 3v -symmetric rotors. From these splittings information on the torsional barrier height and on torsion-torsion interaction terms can be obtained. In the past only very few spectroscopic studies on molecules of the type (CH 3 ) 3 XY have been reported in which the torsion-rotation splitting is resolved [1] [2] [3] [4] [5] .
In general, both steric repulsion and properties of the chemical bonds are responsible for the barrier height to internal rotation, and their relative contributions in varying molecular situations is in general different. We recently presented a comparative study of the different origins of the barriers to internal rotation for the series (CH 3 ) 3 XCl with X = C, Si, Ge, Sn [4] , since, although belonging to the same IVA main group in the periodic table, these four elements are quite different. The study aimed at a better understanding of the influence of the covalent radius and the properties of the central atom on the internal rotation barrier and on the top-top communication. Here, we present an indepth analysis of the torsion-rotation spectrum of (CH 3 ) 3 SnCl, since this molecule shows the most complex and thus most interesting spectral features.
For (CH 3 ) 3 CCl the barrier to internal rotation is high, and torsional splittings have not been resolved so far [6] . (CH 3 ) 3 SiCl has recently been studied by microwave spectroscopy [1] . The barrier to internal rotation was determined to be V 3 = 577 cm À1 , with observed torsional 3 GeCl a rotational spectrum was recorded from 18 to 40 GHz in an earlier investigation without resolving the torsional and the chlorine quadrupole hyperfine splittings [7] . We recently recorded and analysed the high-resolution microwave spectrum of (CH 3 ) 3 GeCl including hyperfine structure and torsional splittings [3] . The barrier height is determined to be V 3 = 372.359(47) cm À1 ((CH 3 ) 3 74 Ge 35 Cl). A detailed investigation of the torsionrotation splitting pattern of (CH 3 ) 3 SnCl might lead to a better understanding of internal rotation dynamics since the torsional barrier can be expected to be mainly determined by properties of the three SnAC bonds, rather than by steric effects, as briefly discussed in [4] . Following this reasoning, the barrier to internal rotation should be relatively low, leading to large splittings in the microwave spectrum.
The aim of the present study is to investigate the torsion-rotation spectrum of (CH 3 ) 3 SnCl to reveal the competing mechanisms of the internal dynamics. The remaining parts of the paper are divided as follows: In Section 2 we describe the experimental details while in Section 3 the observed rotational spectrum is discussed from a more qualitative point of view. In Section 4 the group-theoretical aspects are described, Section 5 continues with the analysis of Stark-effect measurements in order to differentiate between different torsional species and to determine the dipole moment of (CH 3 ) 3 SnCl. In Section 6 the results of the spectroscopic investigation are discussed. Section 7 concludes the paper and gives an outlook.
Experimental
(CH 3 ) 3 SnCl, with a stated purity of 97%, was purchased from Sigma-Aldrich and was used without further purification. (CH 3 ) 3 SnCl is a solid at room temperature and melts between 37 and 39°C. Its vapor pressure is sufficiently high to prepare mixtures of about 1% substance in neon at stagnation pressures between 50 and 100 kPa, and thus to record its rotational spectrum. A broadband (2-26.5 GHz) high-resolution Fourier transform microwave (FTMW) spectrometer resonator chamber, shown in Fig. 1 , was used to observe the rotational spectrum of (CH 3 ) 3 SnCl. The coaxially oriented beam resonator arrangement (COBRA) [8] is utilized, resulting in line widths of about 1 kHz (half width at half height (HWHH)) for argon and about 1.5 kHz (HWHH) for neon as carrier gas. This yields a resolving power of about 3 kHz for argon and about 5 kHz for neon, respectively. The spectrometer was designed to provide high sensitivity and resolution also in the low frequency range below 6 GHz, which was particularly helpful for this study since the J þ 1 J ¼ 1 0-transition of (CH 3 ) 3 SnCl lies near 3.2 GHz.
To differentiate between different torsional species by their Stark behavior and to precisely determine the dipole moment of (CH 3 ) 3 SnCl we performed Stark-effect measurements using the CAESAR setup (coaxially aligned electrodes for Stark-effect arranged in resonators) [9] where the reflectors forming the microwave resonator are used as Stark electrodes themselves, supplemented by additional ring electrodes. In this arrangement, which is illustrated in Fig. 1 , the advantage of the longer transit time of the molecular jet in the coaxial arrangement is particularly useful for Stark-effect experiments, where very narrow line widths are desired. This is especially true for (CH 3 ) 3 SnCl, which exhibits a very dense line pattern in the rotational spectrum. In this setup the direction of the static electric field is perpendicular to the electromagnetic field, leading exclusively to the selection rules DM J ¼ AE1. The Stark electric field E was determined from calibration measurements with the OC 36 S and 18 OCS isotopologues using a dipole moment of l = 0.71519(3) D for both species [10] .
Geometry considerations and spectral observations
Our ab initio calculations show that (CH 3 ) 3 SnCl exhibits C 3v -symmetry in its equilibrium configuration, both for its SnC 3 Cl frame, as well as for the orientations of the three CH 3 groups. Fig. 2 displays the structure obtained from our BP86/def-TZVPP/ecp-46-mwb(Sn) optimization with no predetermined symmetry imposed. As a result of this high symmetry, the rotational spectrum should follow that Fig. 1 . Experimental setup of the FTMW spectrometer including an assembly for Stark-effect measurements. The molecules are supersonically expanded into the resonator through a pulsed nozzle located in the left reflector (COBRA arrangement [8] ). The microwave antennae are mounted on the same reflector. For Stark-effect measurements the right reflector is raised to a high voltage with respect to the left reflector, which is kept at ground potential. Additional ring electrodes between the two reflectors insure a homogeneous electric field along the resonator axis (CAESAR electrode arrangement [9] ).
for a prolate symmetric top. The predicted rotational constants are A = 2330.67 MHz and B = C = 1614.21 MHz.
The observed rotational spectrum is complicated by rather dense line patterns due to internal rotation of the three methyl tops, chlorine nuclear quadrupole hyperfine structure, and the large number of isotopes of tin and chlorine. Based on the ab initio calculations (BP86/def-TZVPP/ ecp-46-mwb(Sn)) we estimate a torsional barrier of about 2.1 kJ/mol (175 cm À1 ) for one methyl group. Fig. 3 shows a scheme of the different splitting patterns and subgroups observed for (CH 3 Sn (14.24%)), which are separated by about 10 MHz and which have been detected in natural abundance. The narrowest pattern we observed is due to quadrupole coupling of the chlorine nucleus ðI ¼ 3 2 Þ. In total, one single J þ 1 J -symmetric top rotational transition with J > 0 shows more than 1000 lines in the spectrum. Fig. 4a shows the measured rotational spectrum between 16 507 and 16 917 MHz, which corresponds to the J þ 1 J ¼ 5 4-transition of the (CH 3 ) 3 Sn 35 Cl isotopologue. The braces indicate different torsion-rotation states for K ¼ 1 and K ¼ 0, denoted by Roman and Arabic numbering, respectively. Up to now we were able to unambiguously identify 14 torsional states (six for K ¼ 0 and eight for K ¼ 1) with the help of the very characteristic tin isotopologue pattern, while we expect the missing three K ¼ 1-torsional states to be located in the very dense line pattern, where also the torsional groups VIII, IX, 10 and 11 are found. The tin isotopologue pattern displayed in Fig. 4b (labeled with the Sn isotope mass numbers) facilitated first assignments of this very complex spectrum since the relative abundances of the different isotopologues are very nicely reproduced by the intensities in the spectrum. In Fig. 4c the chlorine nuclear quadrupole hyperfine structure from the most intense quadrupole coupling components F 0 F ¼ 13 2 ðK ¼ 0Þ are usually unresolvably close in frequency for (CH 3 ) 3 XCl type molecules [11] . This is indeed observed for (CH 3 ) 3 SiCl [1] and (CH 3 ) 3 GeCl [3] . However, for (CH 3 ) 3 SnCl we find small differences in the transition frequency ranging from 40 to 450 kHz for these components. These frequency differences are dependent on J and on the torsional species; they will be discussed in more detail in Section 6.2. . Equilibrium geometry (BP86/def-TZVPP/ecp-46-mwb(Sn)) and numbering of the identical nuclei of (CH 3 ) 3 SnCl. This configuration corresponds to framework 1 in the high-barrier torsion-rotation formalism described in Section 4.4. Cl-isotopologue. These two groups are each spread over about 400 MHz and are separated by about 400 MHz. They are further split due to internal rotation, the seven tin isotopologues and chlorine nuclear quadrupole coupling, which is the smallest splitting observed (0.1-2 MHz).
J+1 J-transition

Group theory/theoretical considerations
The group G 162
To facilitate the assignment and the fitting of spectroscopic constants to this complex rotational spectrum we used permutation-inversion (PI) group theory. The PI group G 162 , appropriate for (CH 3 ) 3 SnCl, as well as statistical weights for the torsional species have already been worked out [12] [13] [14] . G 162 (Table 1) is formed from a direct product of three C 3 groups [C 3 (C 0 ) C 3 (C 1 ) C 3 (C 2 ) = G 27 ] for the three methyl groups following the numbering in Fig. 2 and a semi-direct product with the C 3v group (six elements) for the equilibrium symmetry [14] . It consists of 13 classes. With the numbering of the hydrogen and carbon nuclei given in Fig. 2 the generating operations are [15, 16] because of time inversion and can be combined in pairs to give the reducible representations I 4 and I 5 [13] , respectively, as shown in the last two rows of Table 1 .
The coordinate system
The question of how a given symmetric rotor energy level of (CH 3 ) 3 SnCl will split when the three CH 3 internal rotations become feasible can only be answered after the transformation properties of the rotational and other basis functions have been determined. These transformation properties can in turn only be determined after the relation between the laboratory-fixed and molecule-fixed coordinates has been defined. We follow closely the procedure described in Section II of Ref. [17] , resulting in the following equation
which should be read from right to left. This procedure, in its simplest form, consists of choosing a set of constants a 0 i , which describe a set of initial vector positions for the atoms i in the molecule-fixed axis system. These initial positions, which are usually chosen as symmetrically as possible, are then subjected to the large amplitude motions, which for (CH 3 ) 3 SnCl consist of three internal rotation angles a 0 , a 1 and a 2 , to generate a molecule of some particular instantaneous shape a 0 i ða 0 ; a 1 ; a 2 Þ. These shape coordinates are then translated through a distance A to give coordinates a i ða 0 ; a 1 ; a 2 Þ ¼ a 0 i ða 0 ; a 1 ; a 2 Þ À Aða 0 ; a 1 ; a 2 Þ, for which the origin coincides with the center of mass of the molecule. These center-of-mass coordinates are then substituted into Eq. (1), where they are rotated (using S À1 ðv; h; /Þ) and translated (by R) to give the proper molecular orientation and location in the laboratory-fixed axis system.
The positions a Sn and a Cl are simple to describe, since they are initially chosen to lie at the origin and on the z axis of the molecule, respectively, and (apart from center-ofmass effects) they do not vary with the internal rotation angles (e.g., a 
The positions of the atoms in each of three methyl groups are less straightforward to set up. Each of the three methyl tops consists of a carbon atom C j ðj ¼ 0; 1; 2Þ as anchor atom which is connected to the central tin atom and the hydrogen atoms H jk ðj ¼ 0; 1; 2; k ¼ 0; 1; 2Þ, with, for example, H 00 being H 1 , H 10 being H 4 and H 22 being H 9 in Fig. 2 (framework 1). To describe the positions of the internal rotors and the internal rotation motions we first define the initial positions of all the carbon atoms as lying at the same point on the positive SnACl axis:
which will then be rotated about the y axis by the ClASnAC bond angle b C and, for j = 1 and 2, out of the zx-plane to give
We assume b C ¼ 105:1 , as obtained from our ab initio optimization ( Fig. 2) , to be constant. The positions of the hydrogen atoms H jk ðj ¼ 0; 1; 2; k ¼ 0; 1; 2Þ are obtained by connecting them to the corresponding C j -atom with the bond distance r CAH , using a vector
This vector is first rotated about the y axis by the complement p À b H of the SnACAH bond angle b H , then rotated about the z axis by an angle of 2pk=3 for each H jk , and finally attached to the C j atom on the z axis to give
with b H taken to be constant at 109.5°. Eq. (7) indicates that a change of the torsional angle a j leads only to a change of the positions of the hydrogen atoms connected to the carbon C j . In general, we assume the skeletal bond distances and angles to be constant during the internal rotation motions, with the values for the configuration (framework 1) displayed in Fig. 2 . We have now defined nine different variables to describe (CH 3 ) 3 SnCl: The three torsional angles a j , the three Eulerian angles v, h and / to transform from the molecule-fixed to the laboratory-fixed coordinate system, and the three coordinates for the molecular center-of-mass R. The transformation properties of these nine variables under the generating symmetry operations a ¼ ð1 2 3Þ, b ¼ ð4 5 6Þ, c ¼ ð7 8 9Þ, c ¼ ðC 0 ; C 1 ; C 2 Þð1; 4; 7Þð2; 5; 8Þð3; 6; 9Þ and r ¼ ðC 1 ; C 2 Þ ð2; 3Þð4; 7Þð5; 9Þð6; 8Þ Ã of G 162 , which are needed for the following considerations, are given in Table 2 .
Based on these transformation properties the determination of the symmetry species of the different rotational and torsional states becomes possible. The torsional states and their symmetry species are given in Table 3 , together with the statistical weights for their rotational levels [13] . The symmetries of the symmetric top wavefunctions jJKMi are A 1 and A 2 for J even and odd, respectively, when
The rotational levels of I 2 torsional states have the largest statistical weight and can be expected to be dominant in the spectrum.
First-order Coriolis coupling
It is well known from earlier studies that for the problem of an asymmetric top molecule containing one methyl rotor, torsion-rotation levels of the totally symmetric component A 1 can always be fitted using a rigid rotor Hamiltonian to obtain effective rotational constants. But it has not been explicitly shown yet if this also applies to a C 3v -symmetric molecule of the type (CH 3 ) 3 XY, for which additional degeneracies are introduced by its high symmetry. To describe rotational levels of a given torsional state using a rigid rotor Hamiltonian, the matrix elements for firstorder Coriolis coupling between torsion and overall rotation must vanish. This in turn requires
with n C and n 0 C being torsional components of a state of symmetry C and p a i being the torsional angular momentum of top i ði ¼ 0; 1; 2Þ. For (CH 3 ) 3 SnCl the three p ai span the symmetry species A 2 È E 1 and each p ai changes sign under time inversion. Watson [18] worked out a general theorem in which he shows that for operators O changing sign under time inversion the matrix element hn C jOjn 0 C i always vanishes if CðOÞ does not belong to the representations of the antisymmetrized product ½C 2 ðnÞ antisym of the considered symmetry species. A direct product of an irreducible representation with itself can always be reduced into a symmetrized and an antisymmetrized product [19] .
To obtain vanishing matrix elements for Coriolis coupling neither A 2 nor E 1 may be contained in the antisymmetrized product of the symmetry species of the torsional state. Applying this theorem to (CH 3 ) 3 SnCl, i.e. the PI group G 162 , shows that indeed rotational levels of the A 1 and A 2 torsional states can be fitted using a rigid rotor Hamiltonian, while all others will be perturbed by firstorder Coriolis coupling.
High-barrier tunneling-rotation formalism
To determine the relative ordering and to facilitate an assignment of the torsional transitions observed in the spectrum we used the high-barrier group-theoretical tunneling-rotation formalism [20] appropriate for G 162 , based on the coordinates and their transformation properties defined above, to predict the torsional splitting pattern for K ¼ 0. For a C 3v -symmetric molecule with three group-theoretically equivalent internal rotors such as (CH 3 ) 3 SnCl, 27 different frameworks are present. These frameworks can be generated by applying the G 162 operators a p b q c r to framework 1 (in Fig. 2) , with the integers p, q and r in the range 0 6 p; q; r 6 2. The frameworks can be ordered in a number of ways, but for the purposes Table 2 Transformation properties of the nine variables under the generating operations of G 162 Table 3 Symmetry species of the torsional tunneling levels and torsion-rotation energy levels [13] which arise when all three methyl rotors have only the zero-point torsional excitation, the corresponding nuclear spin weights for the torsion-rotation levels a , and their linear or quadratic Stark-effect behavior for K ¼ 0, as predicted from group theory and as experimentally determined from the corresponding torsion-rotation transitions 
a Statistical weights here differ from those in Ref. [13] . Our results agree with the C spin decomposition and with Table II in Ref. [13] , but we have counted as Pauli-allowed all torsion-rotation-nuclear-spin states of species trn A 1 and trn A 2 formed in direct products of the form tr C Â n C. b Four more torsional basis functions must be generated for each of the four I species rows by cyclic permutation of the quantum numbers inside the ket. These 27 frameworks can be interconnected by 351 tunneling pathways, represented mathematically by tunneling matrix elements. If the initial framework is taken to be framework 1, as displayed in Fig. 2 , then the 26 pathways and the corresponding matrix elements can be denoted as 1 ! n and H 1,n , respectively, n ¼ 2-27. The properties of the group G 162 can be used to show that only five of all tunneling pathways are topologically inequivalent. These five pathways and the corresponding five tunneling matrix elements (real for the K ¼ 0 problem) correspond physically to the ordering described above, i.e.: (i) rotation of only one CH 3 group ðH R ¼ H 1;n ; n ¼ 2-7Þ, (ii) rotation of two CH 3 groups in a geared ðH G ¼ H 1;n ; n ¼ 14-19Þ or antigeared way ðH A ¼ H 1;n ; n ¼ 8-13Þ; and (iii) rotation of all three CH 3 groups at the same time, either having the same ðH E ¼ H 1;n ; n ¼ 20-21Þ or opposite sense ðH L ¼ H 1;n ; n ¼ 22-27Þ. In the high-barrier tunnelingrotation formalism it is necessary to assume that (CH 3 ) 3 SnCl spends most of its time vibrating in the vicinity of one of these 27 frameworks and only occasionally tunnels from one conformation to another [21] . Quantum mechanically speaking, we require the splittings caused by tunneling motions to be small compared to the vibrational spacings associated with a single equilibrium configuration (framework).
Based on our ab initio calculations the distance of closest approach for two hydrogen atoms on different methyl groups is about 3.6 Å for the equilibrium geometry of (CH 3 ) 3 SnCl (Fig. 2) , while in the equilibrium geometry of (CH 3 ) 3 SiCl [1, 4] and (CH 3 ) 3 GeCl [3] the distances decrease to about 3.0 and 3.1 Å , respectively. The van-der-Waals radius for hydrogen is 1.2 Å indicating clearly that all five tunneling pathways have to be considered as feasible for (CH 3 ) 3 SnCl. This leads to a tunneling Hamiltonian matrix for K ¼ 0 connecting all 27 frameworks by the five feasible tunneling pathways [4] . (Note that the definitions of the matrix elements H L and H E in the Supporting Information for Ref. [4] are exchanged with respect to those used here and in Ref. [3] .) Diagonalization of this symmetric tunneling matrix yields energy level expressions for the various symmetry species [4] ,
Note, that this pattern corresponds exactly to the one obtained using local mode theory [4] .
As the next step we consider further modifications of the energy levels, which result when interactions due to internal rotation of two tops (geared ðH G Þ and anti-geared ðH A Þ) as well as of three tops (with the same ðH E Þ and opposite ðH L Þ sense of rotation) are also included. Fig. 5 thus indicates that the J 0 symmetric rotor level splits finally into six G 162 (see Table 1 ) torsion-rotation components A 1 , E 2 , I 1 , I 2 , I 3 and I 4 for J even . For J odd , these species must be multiplied by A 2 to obtain A 2 , E 2 , I 1 , I 2 , I 3 and I 5 .
Based on other internal rotation studies we expect the K ¼ 0 pure rotational spectrum to mimic the K ¼ 0 torsional splitting pattern, i.e., to consist of six components with a relative spacing similar to that calculated for the energy levels, but with the opposite frequency ordering. (For example, we expect the torsional transition A 2 A 1 ðJ even Þ to be located at the high frequency end of the K ¼ 0 series in Fig. 5 ). We display a part (between 3225 and 3380 MHz) of the recorded J þ 1 J ¼ 1 0-transition, which only consists of K ¼ 0-transitions, on the right of Fig. 5 to show that this expectation is fulfilled. The torsion-rotation groups, which exhibit nuclear quadrupole and isotopologue structures, are marked with braces and labeled by the corresponding symmetry species for J ¼ 0. For the A 1 torsional transition the quantum numbers indicate the different quadrupole coupling components ð2F 0 2F Þ of the transition. Each of these quadrupole components occurs for each of the seven tin isotopologues within one torsion-rotation group. Here it is interesting to point out that for the J þ 1 J ¼ 1 0-transition the splitting due to quadrupole hyperfine coupling is larger than the separation between the different tin isotopologues. This is reversed for the higher J-transitions. Three torsionrotation transitions of (CH 3 ) 3 Sn 37 Cl, namely A 2 A 1 , I 1 I 1 and I 2 I 2 , are also present in Fig. 5 . However, the spectra of (CH 3 ) 3 Sn 35 Cl and (CH 3 ) 3 Sn 37 Cl are overlapped for the J þ 1 J ¼ 1 0-transition only, while they are well separated for all higher J-transitions.
In order to obtain semiquantitative agreement between the theoretically derived splitting pattern of the torsion-rotation energy levels and the pattern of the observed torsion-rotation transition frequencies, the contributions of the five different torsional tunneling pathways have to be considered as follows: 
with jH R j being much larger than the magnitudes of the other four. This change can be explained to zeroth order by the larger steric repulsion in (CH 3 ) 3 SiCl compared to (CH 3 ) 3 SnCl such that, from an energetic point of view, internal rotation of two and three methyl groups at a time is quite unlikely for (CH 3 ) 3 SiCl [4].
Stark-effect measurements
To further confirm our initial symmetry-species assignments from the high-barrier tunneling-rotation formalism of the K ¼ 0 torsion-rotation transitions (Fig. 5) we performed Stark-effect measurements using the CAESAR arrangement [9] for the J þ 1 J ¼ 1 0-and 5 4-transitions to differentiate between torsion-rotation transitions on the basis of their different (i.e., linear vs. quadratic) Stark effect. Watson [18] deduced a strict selection rule for linear Stark effect based on group-theoretical considerations
with Cðl f Þ ¼ A 2 (symmetry species of the space-fixed dipole moment operator l f ). Eq. (12) is fulfilled when A 2 is contained in the antisymmetrized product of the symmetry species of the considered torsion-rotation state. If this is the case, the transitions involving torsion-rotation states of that symmetry can show a linear Stark effect. Otherwise, the series expansion for Stark splittings in powers of the electric field strength E must begin with a quadratic term. The latter turns out to be the case for A 1 , A 2 , I 4 and I 5 . For torsion-rotation levels of all other symmetries in G 162 , the expansion may begin with a linear term in E. The group-theoretical results are included in Table 3 together with the experimentally observed Stark behavior of the six internal rotation groups (K ¼ 0 only) of the 1 0-transition. As can be seen, the Stark measurements support our initial assignments based on the predicted splitting patterns (Fig. 5 ). Cl transitions occurring in the spectrum on the right should be ignored for this comparison.) Lines in the torsion-rotation symmetry groups are further split due to tin isotopologues and chlorine nuclear quadrupole hyperfine structure. Some of these quadrupole assignments are indicated here for the A 1 -symmetry species group. our CAESAR arrangement are very narrow. Also, significant line splittings are already observed at a relatively low electric field strength of only 1.6 V/cm, indicating a large dipole moment for (CH 3 ) 3 SnCl.
As stated, we observed the unusual phenomenon of linear Stark effect for K ¼ 0 torsion-rotation transitions of a symmetric top molecule. The linear Stark effect is grouptheoretically allowed for the K ¼ 0 torsion-rotation species I 1 , I 2 , I 3 and E 2 as given in Table 3 , while A 1 and I 4 ðJ even Þ can only have quadratic Stark effect. Experimentally, however, we observe a quadratic Stark effect for E 2 (Table 3) . Furthermore, the experimental Stark-coefficients for the A 1 and the E 2 species are absolutely identical. It seems possible that the linear Stark effect for K ¼ 0 torsion-rotation species is due to DK ¼ AE1 mixing between the K ¼ 1 and K ¼ 0 sublevels, since only torsional states which have the same symmetry species for K ¼ 0 and K ¼ 1 show linear Stark effect. Usually, DK ¼ AE1 mixing plays no role for the ground vibrational state of symmetric top molecules. For (CH 3 ) 3 SnCl it is possible that coupling of the internal rotation angular momenta of the three equivalent methyl groups with the overall angular momentum leads to these mixing effects. In addition, (CH 3 ) 3 SnCl loses its C 3v equilibrium symmetry when internal rotation takes place. To examine the assumption of DK ¼ AE1-mixing we set up a simple wave function linear combination (LC) ansatz of the j J K Mi ¼j J 1 Mi and j J 0 Mi states
with the coefficients a and b (a 2 þ b 2 ¼ 1), which describe the contributions of K ¼ 0 and K ¼ 1 to W LC . The DJ ¼ DK ¼ 0-matrix elements of the linear Stark-effect operator can be written as
for M F ¼ F ¼ I þ J , with l as dipole moment and E as electric field strength [11] . Following this approach we used our Stark-effect measurements to determine the K ¼ 1 contribution in Eq. (13) . For the I 1 and the I 2 species we found values of bðI 1 Þ ¼ 0:1 and bðI 2 Þ ¼ 0:09, respectively. Consequently, DK ¼ AE1 mixing is quite small, but large enough to significantly change the physical picture of the Stark effect. Stark-effect measurements for other M states are complicated in the presence of a quadrupole nucleus such as chlorine. With the electric field strengths possible in the CAESAR arrangement and with quadrupole coupling splittings on the order of 0.5-2 MHz for (CH 3 ) 3 SnCl we have to work in the inconvenient intermediate field regime, for which simplified methods of Stark analysis, which are useful for the weak field case, lose their applicability. To quantitatively analyse our Stark-effect measurements, we used the program QSTARK [22] , which diagonalizes the energy matrix separately for each value of the applied electric field.
To determine the dipole moment of (CH 3 ) 3 SnCl we concentrated only on the J þ 1; C 0 J ; C ¼ 1; A 2 0; A 1 torsion-rotation transition to avoid perturbations and influences from internal rotation. We were able to fit 28 lines, corresponding to five 2M F þ 2 2M F -quadrupole transitions (5 3 and 3 1 for 2F AE 2 2F ¼ 5 3; 
Spectral analyses and discussion
Rigid rotor symmetric top analysis
As shown in Section 4.3, matrix elements for first-order Coriolis coupling vanish only for A 1 and A 2 torsion-rotation transitions, implying that only they can be fitted to effective molecular constants using a rigid symmetric rotor Hamiltonian (including centrifugal distortion). As a starting point of our analysis, we thus performed such fits for three different isotopologues of the A 2 A 1 (J = even) and A 1 A 2 (J = odd) torsion-rotation transitions for six J þ 1 J -transitions ðJ ¼ 0; . . . ; 5Þ, explicitly taking the quadrupole components into account. We used the program SYM2QS [23] , which is suited for linear and symmetric top molecules with up to two quadrupole nuclei. We assume an uncertainty in the frequency determination of the lines of 2 kHz.
The results for the different isotopologues are summarized in (Table 4) . Because of overlapping lines and lower intensities, the number of lines included in the fit becomes smaller for the weaker isotopologues. The spectrum of the 120 Sn 37 Cl isotopologue was in fact too weak and overlapped to permit secure identification of the higher J transitions, so only the results of a two parameter fit (i.e., B and eqQ) of the J þ 1 J ¼ 1 0 hyperfine components are presented. Nevertheless, the ratio of the quadrupole coupling constants for chlorine determined from Table 4 for the 120 Sn isotopologues, Q( 35 Cl)/ Q( 37 Cl) = 1.2681(1), is very close to the atomic quadrupole moment ratio of 1.2688 [11] . Table 5 gives the A 1 =A 2 torsion-rotation transition frequencies included in the SYM2QS fits for the different isotopologues.
Further discussion of the quadrupole coupling
Comparing the quadrupole coupling constant of (CH 3 3 SiCl by almost a factor of two. Using the model developed by Townes and Dailey [11] , it is possible to obtain information on the character of the XACl bonds from the experimental coupling constants. This procedure is discussed in more detail in Ref. [4] [4] . These results are in line with general knowledge about the bonding properties of C, Si and Sn: Carbon is relatively compact and can only form single bonds in a fourfoldbonding situation. In contrast, the formation of double bonds employing back bonding processes with empty 3d-orbitals is a well investigated phenomenon in silicon chemistry. As expected, the ionic character is largest for the SnACl bond.
As already mentioned in Section 3 and displayed in Fig. 4c , we observed an anomalous K ¼ 0 quadrupole pattern for some torsion-rotation transitions, which depends also on J. For example, the two J þ 1 J ¼ 5 4 quadrupole coupling components for usually form accidentally degenerate pairs in Table 4 Effective asymmetric-semi-rigid rotor molecular constants from a fit of the A 2 A 1 (J = even) and A 1 A 2 (J = odd) J þ 1 J torsion-rotation transitions, i.e., from a fit of all A species transitions together, of different isotopologues of (CH 3 ) 3 N denotes the number of lines included in the fit, r gives the standard deviation of each semi-rigid-rotor fit, numbers in parentheses are standard deviations of the molecular parameters as determined from the fit. One standard uncertainty (1r) in units of the last significant digit, as obtained from the leastsquares fitting (type A uncertainty, k ¼ 1) [24] . a Fixed in the least-squares fit. Þ symmetric top molecules such as (CH 3 ) 3 SnCl. We find this accidental degeneracy for A 1 and E 2 torsion-rotation transitions, but not for I 1 , I 2 , I 3 and I 4 . This observation is consistent with the assumption of DK ¼ AE1-mixing, which can be understood from the K ¼ 0 and K ¼ 1 symmetry species in Table 3 . The frequency differences between are in the range of 40-450 kHz, and depend on J and on the torsional species (Table 6) . If we again assume K ¼ 1 contributions of b ¼ 0:1 in Eq. (13), splittings of this order of magnitude become possible. This can be shown by considering the interaction of the internal rotation of the three methyl groups with the quadrupole coupling. The appropriate totally symmetric and time-reversal invariant quadrupole coupling Hamiltonian for this problem is
with J being the overall angular momentum, I being the nuclear angular momentum of the chlorine nucleus ðI ¼ 3=2Þ, J z being the projection of the overall angular momentum on the molecular z axis (of symmetry A 2 in Table 1) , and
The operators AEJ AE are of symmetry E 1± , where the ± subscripts are defined such that
and
The q's are functions of the torsional angles a 0 , a 1 and a 2 , chosen to have either A 1 or E 1 symmetry. Their subscripts imply transformation properties identical to those of products J p J q þ J q J p with the same subscripts. Eq. (15) shows that not only must the two J-operators of
z be considered to form the complete totally symmetric Hamiltonian H Q , but also two J-operators of E 1AE -symmetry, i.e., (J AE J z þ J z J AE ) and J 2 Ç , multiplied by appropriate q's of E 1Ç symmetry, must be included. These additional J-operators are responsible for DK ¼ AE1 and DK ¼ AE2 mixing, since they change the value of K.
To determine whether DK ¼ AE1-mixing is possible for a torsion-rotation state of given symmetry C we qualitatively determined the corresponding matrix elements. As can be seen from Eq. (15), each term in H Q can be separated into a rotational (J, I) and a torsional (q) factor. This can also be assumed for the appropriate basis set for this problem
with jv t Ci being a torsional wavefunction. Consequently, integrals for this problem can be split up into a torsion and a rotation-quadrupole part, with the torsion integral having one of the two forms
where qðA 1 Þ stands for the A 1 and qðE 1Ç Þ for the E 1Ç symmetry q-functions, respectively. DK ¼ AE1-mixing within a given torsional state ðv t C ¼ v 0 t C 0 Þ, and thus additional quadrupole splitting is only possible if the symmetrized product of the torsional species with itself contains the symmetry species of the qðE 1Ç Þ functions [18] : 
Eq. (22) is only fulfilled for torsional states of E 1 or I-symmetry, which is in agreement with our experimental observations for the torsional states in Fig. 5 . Furthermore, the size of the additional splitting decreases with increasing Jvalue, while it increases for the different torsion-rotation transitions in the order Dm splitting ðI 2 Þ < Dm splitting ðI 1 Þ < Dm splitting ðI 4 Þ < Dm splitting ðI 3 Þ;
as summarized in Table 6 . We assume that this order reflects the amount of DK ¼ AE1-mixing for the different torsional species, which would then be largest for I 3 and smallest for I 2 . This is in agreement with our findings from the K ¼ 0 Stark-effect measurements, where the linear behavior is also ascribed to mixing with K ¼ 1 levels.
6.3. Global fit for (CH 3 ) 3 SnCl K=0 transitions and determination of the V 3 barrier
We performed initial global fits of all six torsion-rotation transitions for K ¼ 0 for six different J þ 1 J -transitions ðJ ¼ 0 À 5Þ using the program XIAM [25] , which is suitable for molecules with up to three internal rotors including one quadrupole nucleus. The theoretical background on which this program is based is already discussed in the literature in several articles [1, 2, 25] so that we will only review the structure of the Hamiltonian. It consists of different contributions
The first term represents the Hamiltonian of a rigid rotor consisting of a rigid frame and three equivalent internal rotors, the second term, H tors , represents the Hamiltonian of a Mathieu oscillator. It describes the contribution of hindered internal rotation of the three methyl rotors. For a single rotor this is
F may be considered as the effective rotational constant of the three equivalent internal rotors. V 3 is the threefold-hindering potential and a 1 the torsional angle of internal rotor 1. The operator H rr is caused by the internal rotation and may be interpreted as a change of the location of the principal axes system due to the angular momentum created by the internal rotation. H tt describes the kinetic interaction between the internal rotors. The term H rt represents a Coriolis type interaction between the internal rotation and the overall rotation of the whole molecule. H cd contains the common quartic terms due to centrifugal distortion of a symmetric top,
with the centrifugal distortion constants D J , D JK and D K . Since we restricted these fits to K ¼ 0-transitions, we consider only the first term of H cd . Since the chlorine atomic nucleus has a quadrupole moment, the quadrupole operator H nq is also included in Eq. (24) . Table 7 gives the observed and calculated frequencies as well as their difference resulting from the least-square fit with XIAM of the K ¼ 0 transitions of the main isotopologue (CH 3 ) 3 120 Sn 35 Cl. Unc describes the experimental uncertainty of the frequency measurement. Due to overlapping lines or low intensity a few lines have been included in the fit with an uncertainty slightly higher than 2 kHz. The standard deviation is r = 129 kHz, which is relatively high. Especially the torsional species I 3 and I 4 show deviations as large as 100-400 kHz (Table 7) . A fit without these torsional species has a much smaller uncertainty of r = 21 kHz. These results indicate that DK ¼ AE1-mixing effects may not be completely accounted for in the XIAM program [25] . In the literature standard deviations up to 150 kHz are not unusual for least-square XIAM fits of molecules with relatively large torsional splittings in the microwave spectrum. For p-fluorotoluene, for example, the m ¼ 0 and m ¼ 1 torsion-rotation transitions (108 lines) could be fitted to about r = 27 kHz using XIAM [26] , while the m ¼ 3 torsion-rotation transitions (66 lines) have a standard deviation of r = 162 kHz [26] . Nevertheless, the XIAM fits were very useful for the global analysis of the rotational spectrum of (CH 3 ) 3 SnCl, since they helped to initially assign the large number of torsion-rotation transitions. Furthermore, molecular parameters such as the rotational constant B are determined to 4 kHz (see also Table 8) , and the barrier to internal rotation of the three methyl groups V 3 can be determined to 0.4 J. Table 8 summarizes the molecular constants obtained from a least-square fit of the K ¼ 0 torsion-rotation transitions of the main isotopologue (CH 3 ) 3 120 Sn 35 Cl using XIAM (182 lines). As can be seen, molecular parameters such as the B constant and quadrupole coupling constant eQq obtained from the XIAM fit are quite similar to the effective data obtained from the rigid rotor fits summarized in Table 4 . The obtained internal rotation barrier is V 3 = 1.774(6) kJ (148.299(54) cm À1 ) very close to the theoretically predicted value of 150 cm À1 . In addition, the angle determined between the SnACl bond and the internal rotor symmetry axis b C is 104.73(18)°, which is, again, very similar to the ab initio value (BP86/def-TZVPP/ecp-46-mwb(Sn)) of 105.1° (Fig. 2) .
Based on the effective B-constants obtained for different isotopologues from our rigid rotor fits (Table 4) we determined the SnACl bond length to be r(SnACl) = 2.35191(94) Å . The ab initio-value is 2.399 Å (Fig. 2) . Furthermore, the experimentally determined Aconstant of 2404.56(68) MHz (Table 8) is fairly close to the calculated value of A calc = 2330.67 MHz. These results are a good indication that density functional calculations including electron core potentials for a heavy element such as tin give quite reliable structural results. In this context it is interesting to draw a comparison to the related molecule The different barrier heights for (CH 3 ) 3 XCl-species (X = C, Si, Ge, Sn) are summarized in Table 9 . For the carbon species no internal rotation splittings have been resolved, so that V 3 can be assumed to be large. As expected, the barrier height decreases significantly from Si to Ge to Sn. Because of the large XAC bond length in (CH 3 ) 3 SnCl, it can be assumed that the origin of the remaining barrier height of V 3 = 1.774(6) kJ is mainly due to the SnAC bonding character, rather than due to steric effects. The resulting low barrier implies that, to correctly describe the internal dynamics and therefore the top-top communication for (CH 3 ) 3 SnCl, multidimensional tunneling pathways, such as the concerted motion of three methyl groups at a time, also have to be taken into account (Section 4.4), in contrast to (CH 3 ) 3 SiCl and (CH 3 ) 3 GeCl.
Conclusion
The rotational spectra of several isotopologues of (CH 3 ) 3 SnCl have been recorded using pulsed molecular beam high-resolution microwave spectroscopy. One rotational J þ 1 J -transition was found to be split into several subgroups due to internal rotation motion of the three chemically and group-theoretically equivalent methyl groups, as well as chlorine quadrupole coupling and numerous chlorine and tin isotopes.
PI group-theoretical approaches using the group G 162 have been developed and used to support an assignment of the complex torsion-rotation substructure, which consists of six K ¼ 0 and 11 K ¼ 1 torsion-rotation states. We were able to theoretically devise a scheme to differentiate between torsional transitions by the determination of their Stark behavior. DK ¼ AE1-mixing effects between K ¼ 0-and K ¼ 1-levels seem to be the reason for two unusual and unexpected observations for the I i -symmetry species ði ¼ 1 À 4Þ: linear Stark behavior for I 1 -, I 2 -and I 3 -symmetry K ¼ 0 torsion-rotation transitions and additional K ¼ 0 quadrupole splittings for I 1 , I 2 , I 3 and I 4 . The K ¼ 1-contributions (coefficients squared) to the K ¼ 0-levels are estimated to be about 1%. As a result of a global fit including 182 K ¼ 0 torsion-rotation transitions we were able to determine the barrier height for CH 3 internal rotation to be 1.774 (6) kJ. This is significantly lower than for the related species (CH 3 ) 3 SiCl and (CH 3 ) 3 GeCl and can be assumed to be mainly due to hindering from the chemical SnAC bond. As a next step we want to perform a quantitative study on the DK ¼ AE1-mixing.
In a subsequent study we want to investigate further the interaction between internal rotation and nuclear quadrupole coupling. Good candidates would be the series (CH 3 ) 3 GeY and (CH 3 ) 3 SnY, with Y = Br and I, since both bromine and iodine exhibit significantly stronger quadrupole coupling, so that we hope to find additional effects due to coupling between quadrupole and internal rotation. F 0 is the rotational constant of the methyl group corresponding to I a ¼ 3:199 u ÁÅ 2 and has been kept fixed during the fitting procedure, N is the number of lines included in the fit, and r gives the standard deviation of the fit. h describes the angle between the internal rotor axis and the inertial a axis, which is oriented along the SnACl bond. The numbers in parentheses give uncertainties in units of the last digit (type A, k ¼ 1 [24] ). 
